Lumican is secreted by pancreatic stellate cells and inhibits cancer progression. Extracellular lumican inhibits cancer cell replication and restrains growth of early-stage pancreatic adenocarcinoma (PDAC) such that patients with tumors containing stromal lumican experience a three-fold longer survival after treatment. In the present study, patient tumor tissues, ex-vivo cultures of patient-derived xenografts (PDX), PDAC stellate and tumor cells were used to investigate whether hypoxia (1% O 2 ) within the tumor microenvironment influences stromal lumican expression and secretion. We observed that hypoxia significantly reduced lumican expression and secretion from pancreatic stellate cells, but not cancer cells. Although hypoxia enhanced lactate dehydrogenase A (LDHA) expression and lactate secretion from all cells, neither hypoxia-induced nor exogenous lactate influenced lumican expression. Autophagy was induced by hypoxia in ex vivo cultures of PDX and pancreatic stellate cells, but not cancer cells cultured in 2D. Autophagic flux inhibitors, bafilomycin A1, chloroquine diphosphate salt, and ammonium chloride prevented hypoxia-mediated reduction in lumican expression in stellate cells. Furthermore, inhibition of AMP-regulated protein kinase (AMPK) phosphorylation or hypoxia-inducible factor (HIF)-1α expression within hypoxic stellate cells restored lumican expression levels. Hypoxia did not affect lumican mRNA expression, indicating that hypoxia-induced reduction of lumican occurs post-transcriptionally; in addition, AMPK inhibition prevented hypoxia-reduced phosphorylation of the mTOR/p70S6K/4EBP signaling pathway, a key contributor to protein synthesis. Taken together, these findings demonstrate that hypoxia reduces stromal lumican in PDAC through autophagy-mediated degradation and reduction in protein synthesis within pancreatic cancer stellate cells.
Introduction
A characteristic feature of pancreatic ductal adenocarcinoma (PDAC) is a dense desmoplastic reaction, which consists of fibrotic stroma surrounding cancer cells [1, 2] . Desmoplasic fibrosis found in primary PDAC tumors inhibits vascular perfusion that impairs the delivery of chemotherapy into the hypoxic tumor microenvironment [3] . The resultant hypoxia also drives angiogenesis, immune suppression and numerous signaling events that promote cancer progression, metastasis and poor patient survival [4] [5] [6] [7] .
Lumican is a small leucine-rich proteoglycan that is a central participant in critical physiologic processes within the extracellular matrix (ECM), specifically, collagen structure and interaction between collagen and cell-surface integrins and receptors. A growing body of literature has identified lumican as an inhibitor of multiple hallmarks Edited by G. Del Sal characteristics of cancer biology including: cancer cell proliferation, invasion and metastasis as well as tumor growth promoting inflammation and angiogenesis [8] [9] [10] [11] [12] [13] . Our laboratory has observed that activated pancreatic stellate cells within the tumor microenvironment (TME) are a principal source of stromal lumican [14, 15] , and mounting evidence suggests lumican is also a key regulator of ECM and ECM-cell interactions within the TME [16] .
The presence of lumican within the ECM within the TME of primary PDAC has been positively and negatively correlated with tumor progression, with evidence suggesting that this relationship is related to the stage of the tumor. A report of 53 patients with invasive pancreatic ductal adenocarcinoma (PDAC) (81% with stage III or IV and 19% with stage I or II) indicated that lumican fosters PDAC aggressiveness [17] . However, our laboratory previously observed that patients (with stage I or II, smaller tumors) with stromal lumican were less likely to experience metastasis after surgery and this translated into a three-fold longer survival duration than patients without stromal lumican, suggesting that stromal lumican inhibits cell replication and restrains PDAC tumor expansion in early-stage disease [14] . We also found that extracellular lumican directly interacts with PDAC cells to downregulate epidermal growth factor receptor (EGFR) and its downstream signals, resulting in glycolytic metabolism inhibition and apoptotic cell death and entry into a quiescent state [18, 19] .
Although the dense stroma and related hypoxia define the PDAC microenvironment, less is understood about the influence of hypoxia on stroma composition and secreted extracellular proteins such as lumican. To address this question, we analyzed hypoxia and lumican in human PDAC tumors and investigated lumican expression and secretion in primary pancreatic cancer xenografts, PDAC tumor cells and stromal cells in hypoxic conditions. These studies found that hypoxia decreases lumican expression and secretion by stellate cells and in so doing reduces the amount of extracellular lumican within the TME of primary PDAC tumors.
Results

Hypoxia reduces lumican expression and secretion by pancreatic stellate cells
To determine the correlation between the hypoxic fraction and lumican in the tumor and stroma, we first measured the protein expression of hypoxia-inducible factor-1 alpha (HIF1α) and lumican in human PDAC tumors. As illustrated in Fig. 1a , positive HIF1α staining was seen in the stroma and the epithelial compartments, suggesting hypoxic conditions within the TME; lumican protein was primarily located in stromal compartment, a finding consistent with our previous studies which showed that activated pancreatic stellate cells in the tumor are a principal source of stromal lumican [14, 15] . Importantly, lumican and HIF1α expression were observed within the same microscopic regions within tumor stromal compartment, suggesting lumican expression and secretion occurs within hypoxic regions of the TME.
We then performed ex vivo organotypic culture experiements designed to determine the impact of hypoxia on lumican expression and secretion. Patient-derived xenografts (PDXs) derived from primary PDAC were cut into 200-μm slices [20, 21] and cultured in 10% DMEM medium under normoxic or hypoxic conditions. After exvivo culture for only 2-3 h, hypoxia markedly decreased lumican expression (Fig. 1b, c) and secretion (Fig. 1d) into culture media. Furthermore, PDAC cells, MDA-PATC53 and PANC-1, and pancreatic cancer-specific stromal cells, HPSC and HPaSTEC, were co-cultured to establish in vitro models to mimic the in vivo interactions between stromal cells and PDAC cells. After exposure to hypoxic conditions, all co-cultured models demonstrated significant decrease in lumican expression and secretion (Fig. 1e , f, g, h). These results prompted us to determine whether the observed reduction in lumican was due to effects on hypoxia on cancer cells, stellate cells or both.
Pathologic scoring of lumican expression (high or low) in formalin fixed paraffin-embedded primary human PDAC tumors (Fig. 2a) identified that high stromal lumican expression inversely correlated with low levels of HIF-1α and vascular endothelial growth factor (VEGF). VEGF expression is under direct control of HIF-1α and its expression is generally related to hypoxic conditions within the TME. This relationship, however, was only observed within the stromal but not the PDAC cell compartment, suggesting that the negative influence of hypoxia on lumican expression is occurring principally in the stroma. These results were further explored through in vitro query of lumican secretion (Fig. 2b ) and lumican expression (Fig. 2c, d , e) when stromal or human PDAC cells were cultured under normoxic and hypoxic conditions, including exposing cells to DFOinduced hypoxia (Fig. 2f) . Consistent with pathologic examination of human tumors, the in vitro studies identified a significant decrease in lumican expression and secretion from hypoxic stellate cells, but hypoxia had no effect on lumican expression in cancer cells. Together, these data indicate that hypoxia reduces lumican produced by stromal cells in PDAC.
Lactate is not involved in the downregulation of stromal lumican in hypoxia Cancer cells are programmed to rely on aerobic glycolysis to support their proliferation and anabolic growth, a pathophysiologic adaption known as the Warburg effect [22, 23] . Central to the machinery supporting the glycolytic switch is the tightly regulated molecule HIF-1α, which stimulates expression of glycolytic transporters and enzymes that promote glycolysis, including lactate dehydrogenase A (LDHA). LDHA mediates bidirectional conversion from pyruvate to lactate, which is released from cancer cells to the TME. Given the observed data linking hypoxia to a reduction in stromal lumican levels, we sought to determine whether hypoxia-induced lactate was integral to the reduction in lumican expression in stellate cells.
First, we found that hypoxia significantly increased LDHA ( Supplementary Fig. SA 
Hypoxia induces autophagy-mediated degradation of lumican
The expression level of cellular proteins is determined by a balance between protein synthesis and degradation. Two major pathways degrade most cellular proteins in eukaryotic cells: the ubiquitin-proteasome system (UPS), which degrades the majority of proteins, and autophagy, which is primarily responsible for the degradation of long-lived or aggregated proteins and cellular organelles [24] . To determine if UPS or autophagy was involved in lumican degradation, stellate cells were treated with a UPS inhibitor, blotting analysis (c) of lumican were performed using anti-lumican antibody, and secreted lumican was detected using a human lumican ELISA kit in conditioned media (d). e-h Tumor cells and stellate cells were co-cultured in normoxia or hypoxia for different time periods. Lumican expression (e, g) and secretion (f, h) were measured. *p < 0.05; **p < 0.01 MG132, or with autophagy-lysosomal inhibitors, including bafilomycin A1 (BA1), a vacuolar ATPase inhibitor, chloroquine diphosphate salt (CQ) or ammonium chloride (NH4Cl), lysosomal inhibitors, in the presence or absence of hypoxia. Cell lumican expression was monitored by immunoblotting. Our results revealed that the hypoxiainduced lumican decrease was not reversed by the UPS inhibitor, MG132 (Fig. 3a) , but was inhibited by blockade of autophagic flux (Fig. 3b) . We further confirmed this finding with silencing an autophagy gene, Beclin 1 (Atg6) which reversed hypoxia-induced decrease in lumican observed in stellate cells (Fig. 3c) . Together, these data , chloroquine diphosphate salt (CQ) (100 µM), or NH4Cl (50 mM) (b), in normoxia or hypoxia for 6 h. Cell lysates were analyzed by western blot analysis with the indicated antibodies. c HPSCs were treated with siRNA-Beclin 1 for 48 h and then cultured in normoxia or hypoxia for another 6 h and subjected to Western blot analysis with the indicated antibodies. d Immunofluorescent staining of HPSCs and HPaSTECs with anti-lumican, anti-LAMP1, and DAP1 antibodies after treatment with hypoxia for 6 h. e Tissue slices from patient-derived xenograft tumors in mice were cultured in normoxia or hypoxia for 24 h. HE staining and immunohistochemical analysis of microtubule-associated light chain 3 (LC3) were performed using anti-LC3 antibody. f HPSCs and HPaSTECs were cultured in normoxia or hypoxia for the indicated time periods, and LC3 expression was detected by Western blot analysis. g HPSCs were transiently transfected with a green fluorescent protein-LC3 construct for 24 h and then cultured in normoxia or hypoxia for 6 h. The number of cells with punctate fluorescence (appearance of membrane-associated LC3) was counted in 10 different fields under a fluorescent microscope and is shown as a percentage of the total number of cells counted indicate that hypoxia reduces stromal lumican via autophagy, not the UPS pathway. This observation was also confirmed by examining the cellular localization of fluorescently labeled lumican. We incubated stellate cells in normoxia and hypoxia for 24 h and visualized lumican and LAMP, a lysosomal marker. The results (Fig. 3d) demonstrated that high percentages of lumican in normoxia and hypoxia co-localized with LAMP; importantly, the merged images demonstrated that the co-localization of lumican and LAMP was highest during hypoxia indicating that lumican is principally transported to the lysosome when stellate cells are hypoxic.
It is well established that hypoxia mediates tumor cell autophagy in various cancer types; here, we sought to determine whether hypoxia promotes autophagy within pancreatic stellate cells. For this, we cultured PDX slices under hypoxic conditions for 24 h and determined the percentage of LC3-positive cells by immunohistochemical analysis (Fig. 3e) . The results demonstrated that LC3 expression was higher in hypoxic versus normoxic stellate cells. Similar results were also found in stellate cells cultured under hypoxic conditions (Fig. 3f) . Finally, after the transfection of HPSCs with a cDNA construct that contained green fluorescent protein-tagged LC3, we detected an abundance of punctate fluorescent signal in the cells 24 h after hypoxia (Fig. 3g) , again indicating autophagic activity. Collectively, these observations support that hypoxia induces autophagy that results in the degradation of lumican within PDAC stellate cells.
HIF-1α and AMPK have been reported to contribute to hypoxia-induced autophagy [25] [26] [27] . Therefore, we evaluated their effect on the induction of autophagy in PDAC stellate cells. As shown in Figs. 1a, 4a, patient tumor tissues displayed the typical distribution of stromal cells surrounding the cancer cells, and lumican co-localized with HIF-1α and phosphorylated AMPK at the interface between cancer cells and stromal cells. Treatment of stromal cells or PDX slices with hypoxia or DFO stimulated AMPK phosphorylation and activity as well as increased HIF-1α and LC3 (Fig. 4b-e) . This was prevented by pre-treatment with AMPK inhibitor compound C (C.C.) linking the hypoxic changes in PDAC stellate cells to an increase in AMPK activity (Fig. 4d) .
To determine whether AMPK and HIF-1α mediate hypoxia-induced autophagy in stromal cells, we analyzed the autophagic response to C.C. treatment (Fig. 4f) and knockdown of HIF-1α using siRNA-HIF-1α (Fig. 4g ) in HPSC cells. C.C. inhibited AMPK activity and the siRNA Fig. 4 Hypoxia-enhanced hypoxia-inducible factor-1α and AMPregulated protein kinase activation induce autophagy. a HE staining, and immunofluorescent staining of AMP-regulated protein kinase (AMPK)-p, lumican, and DAP1 were measured in tissues from PDAC patients. b HPSCs and HPaSTECs were cultured in normoxia or hypoxia for 2 h or 6 h, and the indicated molecules were detected by Western blot analysis. c HPSCs were treated with 50 µM DFO for 16 h or 24 h. Cell lysates were subjected to immunoblotting analysis with the indicated antibodies. d HPSCs and HPaSTECs were cultured in normoxia or hypoxia for 6 h, and AMPK activity was determined in cell lysates using the Cyclex AMPK kinase assay kit. e Tissue slices from PDX tumors in mice were cultured in normoxia or hypoxia for 24 h and 48 h, and tissue lysates were subjected to Western blot analysis. f HPSCs were treated with the indicated doses of AMPK inhibitor compound C (C.C.) or AMPK activator metformin in normoxia or hypoxia for 6 h. Cell lysates were tested by Western blot analysis using the indicated antibodies. Quantification of microtubuleassociated light chain 3 (LC3) and lumican expression levels were normalized to β-action. g HPSCs were treated with siRNA-HIF-1α for 48 h and then cultured in normoxia or hypoxia for another 6 h and subjected to western blot analysis with the indicated antibodies. h HPSC cells were transiently transfected with the HIF-1α/ΔODD deletion mutant construct (HIF-1α/ΔODD) or a control vector (pcDNA3.1) together with HIF-1α siRNA or random-siRNA (negative siRNA) as indicated. Forty-eight hours after the transfection, the cells were collected and cell lysates were prepared and subjected to western blot analysis with the indicated antibodies. The levels of β-actin served as an internal control for equal protein loading in each lane constructs downregulated HIF-1α resulted in a decreased hypoxia-induced LC3 expression; in parallel, exposure to both treatment also inhibited hypoxia-related reduction of lumican expression. To further define the role of HIF-1α, we transfected HPSC cells with both siRNA-HIF-1α and a HIF-1α mutant, HIF-1α/ΔODD. As a consequence of deletion of the ODD region, HIF-1α/ΔODD is not as susceptible to degradation when compared to native HIF-1α. The results shown in Fig. 4h illustrate that overexpressing HIF-1α/ΔODD can reverse the previously observed reduction in LC3 and increase in lumican when HIF-1α is silenced. All these suggest that hypoxiarelated HIF-1α and AMPK activation mediate the induction of autophagy in stromal cells resulting in lumican degradation.
Activated AMPK blocks hypoxia-induced stromal lumican synthesis
To determine whether hypoxia decreases lumican protein level by translational or transcriptional mechanisms, we performed real-time PCR to measure the levels of lumican mRNA in stromal cells after hypoxia. Compared with normoxic cultured cells, hypoxic cells demonstrated no significant changes in lumican mRNA over time (Fig. 5a ), suggesting that hypoxia does not influence the transcriptional machinery related to lumican protein synthesis. Next, we analyzed PI3K and Akt-mTOR and their downstream signals in stromal cells and PDX tumor slices after exposure to hypoxia because these signaling pathways are critical for protein synthesis. Interestingly, Akt phosphorylation was Relative lumican mRNA levels were tested using real-time polymerase chain reaction (a), and the expression levels of indicated molecules were detected by immunoblotting analysis (b). c Tissue slices from patient-derived xenograft tumors in mice were cultured in normoxia or hypoxia for 24 h and 48 h, and tissue lysates were subjected to Western blot analysis.
d HPSCs were treated with AMPK inhibitor compound c (C.C.) (10 µM) in normoxia or hypoxia for 6 h, and cell lysates were subjected to Western blot analysis with the indicated antibodies. e HPSCs were treated with C.C. (1 µM or 10 µM) in normoxia or hypoxia for 6 h, and relative lumican mRNA levels were tested using real-time polymerase chain reaction. f Schematic model depicts how hypoxia downregulates stromal lumican through hypoxia-inducible factor-1α and the AMPK signaling pathway dramatically increased, but the phosphorylation of its downstream signals including mTOR, P70S6K, and 4EBP-1 were decreased (Fig. 5b, c) after hypoxia, leading us to causally link these results to hypoxia-enhanced AMPK activation. It is well established that the Akt-mediated mTOR signaling can be blocked by activated AMPK, which phosphorylates TSC2 [28, 29] . Treatment of HPSCs with C. C. reversed hypoxia-related reduction in mTOR and related downstream signal activation (Fig. 5d) and enhanced lumican mRNA expression levels (Fig. 5e) , indicating that hypoxia-activated mTOR signals were blocked by AMPK. Together, these results support the conclusion that activated AMPK in hypoxic stellate cells negatively influences lumican protein synthesis.
Discussion
Previous work in our laboratory has focused on the effects of the ECM protein, lumican, on PDAC cell proliferation, metabolism, and apoptosis. We have observed an inverse relationship between the growth kinetics of PDAC PDXs and the presence of lumican within the stromal compartment [18] . More importantly, we observed that patients with stage I-III PDAC whose primary tumors contained stromal lumican experienced three-fold longer survival after treatment than did patients whose primary tumors lacked stromal lumican [14] . This inverse association between lumican and tumor progression suggests that lumican has an inhibitory effect on PDAC cell growth. Subsequent studies determined that PDAC stellate cell-secreted lumican inhibits PDAC cancer cell replication and restrains PDAC tumor expansion [14, 18, 19] . We sought to better understand which factors within the TME influence lumican production by activated stellate cells.
In the current study, we investigated the extent to which hypoxia influences stromal lumican expression and secretion in PDAC. Our results indicate that hypoxia stimulates HIF-1α and AMPK activation which leads to autophagy and subsequent reduction in cellular and secreted lumican. We also found that the hypoxia-activated Akt/mTOR signaling pathway was blocked by activated AMPK, which in turn inhibited lumican protein synthesis. Together, these cellular consequences of hypoxia conspire to reduce the level of lumican production by stellate cells in the stromal compartment of PDAC (Fig. 5f) .
Tumors are the ecosystems of cancer, stromal and immune cells all evolving and adapting together [30] . As the cancer cell mass increases within a PDAC tumor, the delivery of nutrients and oxygen decreases to produce a TME characterized by hypoxia and high metabolic stress. In these studies, we employed a unique ex vivo live tissue culture system to mimic tumor-stroma co-evolution and provide a model of hypoxia that represents the TME. In this culture system, precision-cut and uniform small tissue slices derived from PDAC PDX tumors were cultured in hypoxia for 6-48 h. Most importantly, the tumor tissue slices remained viable for at least 5 days, and we have previously demonstrated that tumor architecture, signaling pathways, microenvironment components and critical cell signaling pathways, such as AKT and MAPK are well preserved [21] . This robust system allowed the measurement of autophagic changes within stroma and the reduction of stromal lumican reduction in response to hypoxic conditions. Follow up in vitro studies using activated human stellate cells cultured from human PDAC tumors confirmed that hypoxia induces autophagy and reduced lumican secretion.
The hypoxia and high metabolic stress within the TME are potent stimulators of cellular autophagy. Past autophagy research in cancer has focused on cancer cells and excluded stromal cells [31, 32] . In recent years, the focus has shifted from cancer cells to tumor stroma (referred to as "autophagic tumor stroma") [32] [33] [34] , which is described as a phenomenon of adaptation in which autophagy of stromal cells provide fuel for cancer cells within the TME. Our results are consistent in that we have observed the following: (1) hypoxia triggers profound autophagy in PDAC stellate cells; (2) the subsequent degradation of lumican occurs solely in stromal and not cancer cells suggesting stellate cells are more sensitive to hypoxia with respect to lumican levels; and (3) stromal autophagy decreased stromal lumican secretion, which we have previously linked to tumor cell growth [14, 18] . These observations provide another mechanism by which hypoxic conditions with the TME can induce stromal autophagy and promote cancer growth.
The aerobic glycolysis of cancer cells within the TME results in conversion of larger fraction of pyruvate into lactate. Through the "lactate shuttle", this lactate can be transferred to other cells through specialized transporters to provide another fuel source for oxidative mitochondrial metabolism [35, 36] . Stromal cells are now recognized as a source for lactate available for use by cancer cells [37] . For this reason, we questioned whether extracellular lactate, triggered by hypoxic conditions, influenced the observed reduction in of lumican within the TME. We found that although hypoxia dramatically enhances the expression and secretion of lactate in stromal cells, the presence or absence of lactate did not influence lumican expression. In future studies, we will determine the expression of MCT1 and the activation of AMPK and HIF-1α in PDAC stromal cells to gain a better understanding of lactate shuttling from PDAC to its stromal cells.
These findings provide important new insights into the molecular interactions between stromal lumican and the tumor microenvironment and provide a rationale for novel anti-cancer therapies against PDAC.
Materials and methods
Ethics statement
The xenograft protocol was approved by The University of Texas MD Anderson Cancer Center (Houston, Texas) institutional review board under #LAB07-0854. Excess patient tumor tissue was collected only after the planned surgical resection and pathologic examination were complete. Patient specimens from pancreatectomies performed between 2009 and 2011 at MD Anderson were selected after reviewing the medical records and tissue specimens.
Antibodies and reagents
The following antibodies and reagents were purchased: anti-Human lumican (ab70191) for Western blot analysis, anti-Human, Mouse and Rat lumican (ab168348) for Immunocytochemistry/ Immunofluorescence, anti-LAMP1 (ab25630), the Lactate Assay Kit (K607-100) and bafilomycin A1 (BFA) (ab120497) were from Abcam (Cambridge, MA, USA); anti-human lumican (AF2846) for Immunohistochemistry was from R&D Systems 
Cell lines and cDNA constructs
Immortalized human pancreatic stellate cells (HPSCs) harvested from primary PDAC tumors were a gift from Dr. Rosa F. Hwang (MD Anderson) [38] . Additional pancreatic stellate cells (HPaSTECs), characterized by short tandem repeat DNA profiling, were purchased from ScienCell Research Laboratories (cat #3830, Carlsbad, CA, USA) fewer than 6 months before we purchased and maintained in culture using recommended media (cat #5301, SteCM, Carlsbad, CA, USA) at 37°C in 5% CO 2 . We generated the stable PDAC cell lines MDA-PATC53, MDA-PATC148, and MDA-PATC153 from direct xenograft tumors [14] and validated them as new authentic human pancreatic cancer cells by short tandem repeat DNA fingerprinting at MD Anderson. PANC-1 cells were purchased from ATCC. The green fluorescent protein-tagged LC3 cDNA expression construct and HIF-1α/ΔODD deletion mutant construct (HIF-1α/ΔODD) were gifts from Dr. Zhen Fan (MD Anderson).
Immunohistochemical staining and lumican expression score (high or low) in patient tissue
Tissue microarrays were constructed using core samples from paraffin-embedded blocks of 11 PDAC primary tumors (phase 0) from MD Anderson. All reactions were visualized with 3,3'-diaminobenzidine as a chromogen. Isotype controls for all antibodies were negative. The tissue microarray slides with immunohistochemical analysis stains were scanned using the Vectra slide scanner (PerkinElmer) to identify the lumican expression signal. Immunohistochemical analysis scoring was determined by staining intensity (0-3) and the proportion (%) of positively stained cells (10) . Positivity, as determined by immunohistochemical analysis, was defined a priori as a signal intensity equal to or greater than 2 and positive staining of more than 30% of cells. Scoring was performed by two independent pathologists, and any scoring disagreement was resolved by a joint pathologic review of the slides using a multi-head microscope. A Vectra Automated Quantitative Pathology Imaging System (PerkinElmer) analysis was used to quantify lumican expression in the stroma or tumor in which the mean value was determined. The patients were then grouped according to 3, 3'-diaminobenzidine staining intensity (greater [stromal or tumor lumican high] or lower [stromal or tumor lumican low] than the mean value) [39, 40] .
Immunofluorescence staining
Patient tissue slides were deparaffinized and rehydrated, and the paired mixtures of lumican with HIF-1α or phospho-AMPK primary antibodies (5 ng/mL) were incubated overnight at 4°C. Secondary antibodies were conjugated with Alexa Fluor 488 or Alexa Fluor 594 of different species, depending on the primary antibodies, which had been purchased from Life Technologies (#A11008, A11012, and A11005, Grand Island, NY, USA). 2 ng/ml of these antibodies was incubated with the slides for 30 min at ambient temperature. The slides were counterstained with DAPI (#D8417, Sigma-Aldrich) for 10 min and mounted with DAKO fluorescent mounting medium (#S3023, Dako, Burlingame, CA, USA). IgG was added to slides as a negative control. Images were captured with an Olympus FV1000 laser scanning confocal microscope and analyzed using FlowView software at the Flow Cytometry and Cellular Imaging Facility of MD Anderson. All images were captured with the same exposure time for all samples.
Quantitative image analysis of HIF1a and VEGF
Dual immunofluorescence staining of HIF1a and VEGF in pancreatic cancer patients' tissues were done following above methods (Immunofluorescence staining). The stained tissues were scanned with Vectra 3.0 automated quantitative pathology imaging system and imported to Halo V2.1 (Indica Labs, CA, USA). First, tumor area was annotated by comparing images with H&E. By utilizing a "train-by-example" approach provided by Halo, tissue area was identified from slide glass. Then "Area Quantification FL v1.2" algorithm was applied to quantify total tissue area, area of HIF1α or VEGF positive area. P value was calculated by Wilcoxon test using JMP 13.0.0. (SAS, Cary, NC, USA).
Establishment of PDXs
Pancreatic cancer tumor xenografts were established from patients who had given written informed consent for our institutional review board-approved laboratory research protocol (#LAB07-0854). In brief, fresh tumor samples of about 2 mm in diameter were cut from patient tumor specimens, briefly soaked in Matrigel (100%), and implanted into the subcutaneous space of NOD/SCID mice, as described previously [41] . The tumors were harvested when they had reached 0.75-1.5 cm in diameter and labeled F1 to F5 to indicate different generational passages in animals.
Ex vivo tissue slice culture and hypoxia treatment
Tissue cores were generated using 3-mm disposable biopsy punches from tumor grafts and immediately placed in Belzer UW cold storage solution, supplemented with 2% penicillin, streptomycin, and neomycin (PSN) antibiotic mixture. Tissue cores were embedded in 1% low-melting point agarose gel and cut into slices (200 mm) with the Krumdieck tissue slicer (Alabama Research and Development, Menlo Park, CA), as described previously [21] . The tissue slices were randomly arrayed in 48-well plates with 400 mL of RPMI 1640 medium supplemented with 10% FBS and 2% PSN and incubated in a humidified 37°C incubator supplied with 5% CO 2 . The plates were seated on a platform shaker and shaken at 150 r.p.m. After a 2-hour incubation, tissue slices were treated with hypoxia (1% oxygen) for indicated time periods in hypoxia incubator chamber (BSI, BioMedical Solutions Inc., Stafford, TX, USA). They were then subjected to an immunohistochemical analysis or immunoblotting assay, and tissue cultured media were used for lumican secretion detection using the lumican ELISA kit.
Measurement of lumican levels in conditioned media
Lumican levels in the conditioned media were measured using the lumican ELISA kit, according to the manufacturer's instructions. The results were normalized by the number of cells in each sample in the culture plates.
Western blot analysis
Cell pellets were lysed in RIPA buffer. Patients' tumor tissues were cut into very small pieces and disrupted with a Dounce homogenizer in RIPA buffer at 4°C for use in all procedures. The lysates were cleared by centrifugation, and the supernatants were collected. Lysates were then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and subjected to Western blot analysis with the primary antibodies and horseradish peroxidase-labeled secondary antibodies.
Quantitative RT-PCR
Total RNA was extracted using TRIzol reagent, and complementary DNA was prepared with the iScript reverse transcription Supermix kit (#170-8841, Bio-Rad, Hercules, CA, USA). We used the following lumican primers: forward, 5′-CAGACTGCCTTCTGGTCTCC-3′, and reverse, 5′-GCTCAACCAGGGATGACAC-3′. The expression level of human lumican mRNA was quantified using iQ SYBR Green Supermix (#170-8880, Bio-Rad). Relative expression levels were determined by normalizing the expression level of each target to β-actin, and relative mRNA fold changes were determined using the 2 (-ΔΔCt) method.
Statistical analysis
All quantified data were plotted and analyzed using GraphPad Prism software version 6.0. Significance was determined using a Student unpaired t test or two-way ANOVA. The data were representative of at least three independent experiments and were reported as the mean ± SEM of replicates or triplicates unless otherwise indicated. A P value of <0.05 was considered statistically significant.
